Visible light communication (VLC) using the light emitting diode (LED) will become an appealing alternative to the radio frequency communication technology for indoor wireless broadband access. However, VLC needs a ubiquitous network as its backbone to avoid becoming an information isolated island. Power line communication (PLC) systems could easily solve the informative problem of VLC while powering the LED lamps at the same time, which is considered as a good partner of VLC for the cost-effective implementation. In this paper, a novel and cost-effective framework of ubiquitous indoor broadband access based on deeply integrated VLC and PLC technology with only low-cost modification to the current infrastructure is therefore proposed. The broadband access network supports duplex transmission through each LED using the decode-and-forward (DF) working mode. Furthermore, the VLC-PLC integration technology is applied to typical power grid business scene, which is cable tunnel inspection. During the intelligent inspection, the VLC-PLC system provides voice communication and position service for on-site inspection personnel. The system can ensure the safety and security of power production.
Introduction
Visible light communication (VLC) is a technical means to realize wireless communication based on LED lighting. With the traditional radio communication and other wireless optical communication technology, VLC does not occupy the radio spectrum resources [1] . It is ubiquitous, high transmission rate, no electromagnetic radiation, no electromagnetic interference, and so on. It is believed that when the wireless spectrum resource is limited, deep fading or sensitive electromagnetic, the VLC is with prospects and advantages [2] [3] [4] . So it has been widely concerned by academic and industrial circles. Power line communication (PLC) makes power transmission and communication signal transmission on a cable to complete, and make the signal can be transmitted directly to the LED through the power line. Therefore, the combination of PLC and VLC has a natural advantage, overcoming the shortcomings of traditional wired networks and radio frequency networks [5] [6] [7] . On the other hand, there are many radio signals and other sensitive electromagnetic deep fading scenarios in power grid business environment, such as tunnel cable inspection and power production. The traditional communication radio network is difficult to apply, but based on hybrid VLC-PLC network can be very good for these occasions. In order to overcome the drawbacks of traditional integrated VLC-PLC [8] , network architecture is proposed with VLC-PLC deep integration. Taking typical scenes in power grid services as an example, the analysis of the current difficult to meet the needs of the business can be used by this system.
Broadband Access Architecture of Hybrid VLC-PLC
As shown in Figure 1 , a two-way broadband transmission architecture based on hybrid PLC-VLC is proposed. In the typical two-way broadband access network, multiple LED lights are connected to the same power line. The power line is connected with the PLC modem for the information exchange with the background of Ethernet. Multiple LED lights transmit different data signals to the end user with VLC independently. The user receives the signal by the handheld terminal. The handheld terminal supports VLC uplink transmission. The detector of LED receives the uplink signal, and then it is been demodulated and transmitted to the PLC backbone network. Using the orthogonal frequency division multiplexing (OFDM) or time division multiplexing (TDMA) protocol by bidirectional decode-and-forward (DF) module, multiple terminal users can share the resources of VLC-PLC channel. The main features of the architecture are as follows.
(1) The bidirectional DF operating mode is used for downlink and uplink transmission, so as to realize the bidirectional symmetrical broadband access network, and support a plurality of two-way high-speed communication services.
(2) The scheme based on the bidirectional DF mode can support multi user broadband access, and cooperative communication can be used to suppress the interference between the lights.
(3) Low cost symmetric VLC uplink is realized, and high QoS bidirectional transmission is supported. No other protocol and Media Changes are needed. In this architecture each LED lamp can be regarded as a base station for transmitting signals in a wireless communication field in a honeycomb. Each LED lamp includes a PLC-VLC DF module, a PLC-VLC coupler, a LED, a photodiode (PD). The design of function module structure inside the lamp is shown in Figure 2 . The PLC-VLC DF module is a two-way exchange of information between PLC and VLC. The signal of one side (PLC or VLC side) is demodulated and decoded to the desired signal of the other side (VLC or PLC side). The signal of PLC side can be modulated to wideband signal, such as FDMA. DF module can handle the signal conversion of two sides. Then the modulated VLC signal through the PLC-VLC coupler is coupled to the LED lamp.
The handheld terminal consists of a photodiode, a bidirectional codec and a LED drive. The photodiode is used for receiving the downlink VLC signals. The bidirectional codec used to obtain useful data signal and the modulated uplink VLC signal.
The Application of Hybrid VLC-PLC in Cable Tunnel Inspection
The electromagnetic signal shielding or deep fading conditions exist in many scenes of grid services, such as substation inspection, switching station inspection, cable tunnel patrol. The VLC can be used to provide positioning service and voice communication for personnel or equipment. The application is introduced as follows in substation inspection.
Cable tunnel patrol is an important power grid business. According to the current regulations of cable tunnel operation, generally channel and road patrol is implemented at least once a month, which takes 5-6 hours for one line. A measurement of cable line inspection at least once three months, which takes 6-7 hours for one line.
In the cable tunnel inspection process, inspection personnel want to maintain communication with the ground control center, and in the event of a line fault and accident, contact with the control center, which can carry out the collaborative troubleshooting and on-site rescue. At the same time the tunnel inspection is a dangerous job. There is a strong demand for personnel positioning and navigation. However the underground cable tunnel is usually located in the depths of 10 meters, and the structure characteristics and electromagnetic characteristics is complex in the tunnel, a variety of RF radio signal attenuate. It is difficult to achieve the above requirements.
The hybrid VLC-PLC system can be used to solve the problems of cable tunnel patrol. The use of LED lights in the cable tunnel will not produce radio waves, not interfere with the table tunnel equipment. LED is as a communication node, so inspection personnel can always maintain network connectivity with backstage operation system in the inspection, gain information services, and communicate securely. At the same time, accurate positioning for inspection personnel and equipment operation is obtained. The optical communication local area network is set up in the cable tunnel using VLC and PLC fusion technology. The diagram of hybrid VLC-PLC system service is shown in Figure 3 . The hybrid system mainly includes the master server, PLC mater station, LED light transceiver, handheld terminal. The PLC base station is integrated in the transceiver module. There is only one master node in each PLC transmission network, and others are the base station node. PLC base station is connected to the base station node, and PLC master station connected to the master node. Only the base station node and the master node can communicate each other, the base station node and the base station node can't communicate each other. The PLC master node has the function of broadcast and unicast, and the PLC base station node only has the function of unicast. The diagram of hybrid VLC-PLC system business is shown in Figure 3 , the main processes are as follows.
(1) The master station transmits the information source through the power line to the LED light source terminal transceiver, which is converted into optical signal and sent to the handheld terminal.
(2) The use of LED lighting and PLC network, not only can send the data of the master station to handheld terminal, and also can receive, and process VLC data sent by the handheld terminal. At the same time, the master station can share upload data of a terminal user to other terminal users.
The function of the system is as follows mainly:
(1) Positioning and track record: the system can locate the personnel with handheld device and their real-time and historical trajectory.
(2) The main station sound broadcast and the equipment calls the mutual transmission: the master station may broadcast to all equipment; the equipment may also carry on the conversation through the system.
(3) Sound harmonic and instant storage: many people speaking of the voice playback and voice storage problems are solved by real-time mixing technology.
(4) Equipment health status monitoring: it is monitored that and showed on the interface whether the LED device is online or whether it is in the working state. 
Summary
The mechanism, implementation method and actual test for broadband access hybrid PLC-VLC network are presented, which solve the last mile access problem of communication lines and high-speed transmission of interaction with the user. For the application of the scene which is not suitable for ordinary broadband access, the system has a special significance. Therefore, the proposed scheme is an important means to solve the increasingly scarce spectrum resources and the growing demand for high speed communication. It is important to extend the communication technology.
